Introduction
The absorption by roots of ions in general, and phosphate absorption in particular, can occur against concentration gradients so great as to require free energy changes of the order of 8,000 calories per nmole.
This implies coupling in the absorption process with reactions Jeroceecling wdith considerable free energy decrease. Few reacticius in plants other than those for production or destructionn of nucleotide triphosphates can lead to the necessary free energy changes. The kinetics of phosphate uptake by barley roots (10) indicate that the rate-limiting step is the incorporation of phosphate in an energetically active form accompanying oxidative phosphorylation associated with oxidation of components of the respiratory chain.
Mitochondria effective for oxidative phosphorylation can be separated from animal and plant tissues. The kinetics of phosphate uptake by roots can, accordingly, be compared with oxidative phosphorylation by mitochondria isolated from roots. The comparison is made in this work with the finding that the rate-limiting steps of phosphate uptake 1w barley roots and esterification by barley root mitochondria are closely similar in their enzymatic constants and responses to inhibitors and substrates for oxidative phosphorylation. The conclusion is that mitochondria are the particulate site of the rate-limiting step for absorption.
Materials & Methods
Mitochondria were isolated by modification of standard procedures (1) from 6-day old seedlings of Hordeun zvldgare L., variety Atlas 46, by differential centrifugation of root homogenates in phosphate-free media. The seedlings were dark-grown in continuously aerated 2 X 10-4 AI~CaSO4 (8) . Roots cut from the seedlings were rinsed three times, blotted, and weighed, and then rinsed again immediately prior to homogenizing. After chilling to 2 C they were homogenized at 0 C by grinding in a glass mortar and pestle in a solution of 0.25 It sucrose, 0.01 M ethylenediaminetetra-acetate, and 0.01 .r trishydroxy methyl Received manuscript March 24, 1961 . X amino methane buffer at pH 7.5. The proportions were about one gramn of roots to ten milliliters of homogenizing solution. The resulting homogenate was strained through two layers of washed cheesecloth and centrifuged at 1,500 X g for 10 minutes inl a refrigerated centrifuge at 0°C. The supernatant was then decanted and centrifuged at 20,000 X g for 20 minutes. The pellets were resuspended in 0.25 M sucrose, pH 7.5, in a ratio of 50 ml to the mitochon-(Iria from 5 grams of roots. The suspension was again centrifuged at 20,000 X g for 20 minutes, after which the mitochondria were resuspended in 0.25 at sucrose, pH 7.5, in a proportion of 6 graini-rootequivalents/ml. The final suspensions were used imnme(liatelv in measurements of phosphorylation and respiration. The adequacy of the preparative proceduresxwas verified by results of phosphorylation andl respiration. Phosphorvlation Wsas carried out by incubating the mitochondria in P"2-labeled orthophosphate solutions with adenosine (liphosphate (ADP) present as the phosphate acceptor and with hexokinase and glucose as a trapping system. The incubation medium consisted of 0.25 at sucrose, 0.05 Ai glucose, 5 X 10-4 Al ADP, 1 -i MgC2, 1 nmg/iiml crude yeast hexokinase plus substrate anLId 1'2alabele(l phosphate. Experiments xvere run at 25 C faith a pH of 7.7, since mlitochondria are not stable over a wide range of acidity. At the beginning of the experiment, 1 ml of the mitochondrial stock suspension was added to 5 ml of incubating solution, giving a mitochondria concentration equivalent to 1 g of roots/ml. After various incubation periocls, aliqluots were xwithdrawln and added to a 0.05 At unlabeled phosphate solution containing 25 %6 trichloracetic acid. Inorganic phosphate was removed as a phosphomolybdate complex according to the procedure of Nielsen and Lehninger (17) and the radioactivity of the organic phosphate formed was measured. Separation of the organic P32-labeled phosphate from inorganic P32 vas checked chromatographically and found to be quantitative. Specific activities of the inorganic phosphate at the beginning and end of the incubation were determined in many experiments as a control for involvement of polyphosphate hydrolysis (ATP, ADP, & pyrophosphate). The amounts of inorganic phosphate were measured in the ADP used. Inorganic phosphate was determinedl by the method of Martin and Doty (15) .
Phosphate absorption by the excised roots was measured as described previously (10) .
The methods of mitochondrial preparation were based on the extensive experience and literature in plant and animal mitochondria. Many experimental conditions were tested for tightly coupled mitochondria, but a complete examination was not made of all the many variables. The preparations used had low a(lenosine triphosphatase activities, adequate endogenous cvtochrome c, and DPN to support electron flow from substrate to oxygen, were capable of giving high P/O ratios. and of maintaining steady-state conditions for at least 30 minutes.
Respiration was determined by measuring the rates of decrease of dissolvedd oxygen in a closed system with a series of Clark oxygen electrodes (18 absorption by the roots also shows a relatively slow turnover through the DPN pathway. particularly with fl-hydroxybutyrate ( fig 3B) . In both the mitochondria and the roots the rate limitation of turnover depends in a similar way on the substrate.
Increasing the succinate or l-hydlroxybutyrate concentration from 10-_ at to 10-3 At increases the phosphorylation rates ( fig 3A) . These rates reach a maximumi etween 10-anld 10-2 and then decrease at higher substrate concentrations. Respiration responds in the same way. A similar pattern is obtained with ascorbate, glutamate. and a-ketoglutarate except that with a-ketoglutarate the peak of maximum activity is between 10-4 an(l 10-3 and with glutamate between 10-2 anlc 10-1 \t. This inhibition by high substrate concentrations is parallelled by phosphate absorption by the roots (fig 3B) While the inhibition by azide was not overcome by increasing phosphate concentration, the effect does appear to be in part competitive by the almost tenfold change in Km (table IV) . This dual effect of azide is expected from its effect on isolated mitochondria in animal tissue. Azide is known to block electron flow in the respiratory chain at cytochrome oxidase (3). This results in the observed decrease in Vmax through a decrease in turnover which is directly proportional to the rate of electron flow. Azide also inhibits the ATP-P1 exchange reaction of oxidative phosphorylation (reactions b & c) but the ATP-ADP exchange (reaction c) is relatively insensitive (22, 23 (21) found that ammonia inhibits the oxidation of DPNH in beet root mitochondria. They suggest that this is the mechanism of the inhibition of respiration by ammonia in intact plants.
In agreement with their studies, ammonia inhibits respiration and phosphorylation by barley root mitochondria when a-ketoglutarate is the substrate and has less effect when succinate is the substrate ( 
